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Proteasomes can exist in several different molecular forms in
mammalian cells. The core 20S proteasome, containing the
proteolytic sites, binds regulatory complexes at the ends of its
cylindrical structure. Together with two 19S ATPase regulatory
complexes it forms the 26S proteasome, which is involved in
ubiquitin-dependent proteolysis. The 20S proteasome can also
bind 118 regulatory complexes (REG, PA28) which play a role
in antigen processing, as do the three variable y-interferon-
inducible catalytic f-subunits (e.g. LMP7). In the present study,
we have investigated the subcellular distribution of the different
forms of proteasomes using subunit specific antibodies. Both 20S
proteasomes and their 19S regulatory complexes are found in
nuclear, cytosolic and microsomal preparations isolated from rat
liver. LMP7 was enriched approximately two-fold compared
with core a-type proteasome subunits in the microsomal prepar-
ations. 20S proteasomes were more abundant than 26S pro-
teasomes, both in liver and cultured cell lines. Interestingly, some

significant differences were observed in the distribution of
different subunits of the 19S regulatory complexes. S12, and to a
lesser extent p45, were found to be relatively enriched in nuclear
fractions from rat liver, and immunofluorescent labelling of
cultured cells with anti-p45 antibodies showed stronger labelling
in the nucleus than in the cytoplasm. The REG was found to be
localized predominantly in the cytoplasm. Three- to six-fold
increases in the level of REG were observed following vy-
interferon treatment of cultured cells but y-interferon had no
obvious effect on its subcellular distribution. These results
demonstrate that different regulatory complexes and sub-
populations of proteasomes have different distributions within
mammalian cells and, therefore, that the distribution is more
complex than has been reported for yeast proteasomes.

Key words: ATPase complex, interferon-y, PA28, 19S complex,
11S regulator.

INTRODUCTION

Proteasomes play a major role in non-lysosomal proteolysis in
eukaryotic cells (reviewed in [1,2]). They are responsible for the
breakdown of short-lived proteins and play a role in tran-
scriptional regulation and in cell cycle control. Proteasomes are
also involved in antigen processing. The structural prototype is
the proteasome isolated from Thermoplasma acidophilum, which
has four stacked heptameric rings forming an o, 5, 5,0, cylindrical
structure with the catalytic sites located in the g-subunits facing
the inside of the cylinder. Cleavage of an N-terminal propeptide
from p-subunits accompanies assembly of the complex and
exposes the N-terminal threonine residue, which acts as the
catalytic nucleophile. 20S proteasomes in animal cells are made
up of at least 14 different subunits. Seven different o-type
subunits make up the two outer rings of the cylindrical structure,
and seven f-type proteasome subunits make up each of the two
inner rings. There are three extra f-type proteasome subunits in
animal cells compared with yeast. These three extra subunits,
LMP2, LMP7 and MECLI, are inducible by y-interferon and
have been implicated in the antigen processing function of
proteasomes (reviewed in [3]). A recent report [4] suggests co-
operative incorporation of the inducible subunits into immuno-

proteasomes replacing the three other closely related S-type
subunits.

A regulatory complex (called 19S regulatory complex, 19S
cap, PA700 or ATPase complex) binds to each end of the 20S
proteasome to form the 26S proteasome. The regulatory com-
plexes contain approximately 20 different subunits, which vary in
size from 25-110 kDa [5,6]. Six of the subunits have ATPase
activity. One of the non-ATPase regulatory subunits has been
demonstrated to bind multi-ubiquitin chains [7], and the 26S
form of the proteasome is responsible for the breakdown of
proteins by the ubiquitin—proteasome pathway [8] as well as for
some ubiquitin-independent protein degradation.

A second proteasome regulatory complex, the 11S regulator
(REG) [9] or PA28 [10], like the 19S regulator, activates the
multiple peptidase activities of 20S proteasomes. However, it
differs from the 19S complex in two respects. So far, it has not
been shown to activate protein degradation by the 20S pro-
teasome, and it does not require ATP for assembling with and
activating the 20S proteasome. REG is a ring-shaped complex
consisting of two types of subunits, o and . The two polypeptides
have similar molecular masses of approximately 30 kDa. They
are products of distinct but homologous genes and their primary
structures are approximately 509, identical [11]. The two sub-
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units were shown to have significant sequence identity [about
359,] with a previously described protein, the nuclear Ki antigen
[12] or REGy, which can also activate the proteasome [13]. The
function of REG is not well understood although y-interferon
induces synthesis of REG a- and f-subunits and there are results
suggesting a role in antigen processing [14].

We have shown previously, by immunogold electron mi-
croscopy, immunofluorescence and subcellular fractionation
methods using polyclonal antibodies, that 20S proteasomes are
localized in the nucleus and in the cytoplasm of mammalian cells
[15,16]. A small percentage of the total proteasomes (< 20 9,)
are loosely associated with the cytoplasmic surface of the
endoplasmic reticulum (ER) [15,16]. In contrast, the ER /nuclear
envelope appears to be the major site for proteasomes in fission
and budding yeast [17,18]. The present studies were undertaken
to examine the subcellular distribution of the different sub-
populations of proteasomes in mammalian cells using subunit-
specific antibodies and also to investigate the effects of -
interferon on the distribution of proteasomes and their regulatory
complexes. The results show differences in the distribution of
different subpopulations of 20S and 26S proteasomes, and also in
the 11S regulatory complexes. Such differences are probably
significant for their functions and may vary in different cell types.

EXPERIMENTAL
Purification of proteasome complexes and REG

Proteasomes (20S and 26S) were purified from rat liver as
described previously [19,20]. Chymotrypsin-like activity of pro-
teasomes was assayed [19] using 1040 yM succinyl-Leu-Leu-
Val-Tyr-7-amido-4-methylcoumarin (Peptide Institute, Japan)
as substrate. Recombinant REGa was purified as described
previously [13].

Preparation of subcellular fractions from rat liver and separation
of 208 and 26S proteasomes by gel filtration

Subcellular fractionation of rat liver was carried out as described
previously [16] and nuclear, cytosolic and microsomal fractions
used for immunoblot analysis. For separation of 26S and 20S
proteasomes by gel filtration, livers were washed and then
homogenized in a Waring blender in 4 vol. of 20 mM Tris/HCl
buffer, pH 7.5, containing 209, (v/v) glycerol, 1 mM 2-
mercaptoethanol, 0.1 mM EDTA and 5 mM ATP for 3 x30s at
full speed with 1 min intervals. The homogenate was then
centrifuged for 1 h at 95000 g and the resulting supernatant
separated by gel filtration. Gel filtration was carried out using a
Superose 6 FPLC column (Pharmacia) equilibrated with 20 mM
Tris/HCI buffer, pH 7.5, containing 100 mM NaCl and 109,
(v/v) glycerol.

Antibodies and immunoblotting

Mouse monoclonal antibodies, MCP72 and MCP257 [21], which
recognize the C8 and C9 a-type proteasome subunits, respect-
ively, were used along with rabbit polyclonal anti-20S proteasome
antibodies [22] to investigate the total proteasome population.
Mouse monoclonal antibodies to the 26S proteasome subunits
p45 (p45-110) and TBP1 (TBP1-19) were raised to recombinant
proteins. Antibodies to the inducible proteasome p-subunits,
LMP2 and LMP7, were also mouse monoclonal antibodies
(LMP2-13 and LMP7-1). Rabbit polyclonal antibodies against
the 26S proteasome subunit S3 (p91A) were a gift from Dr
Amar-Costesec (Universite Catholique de Louvain, Brussels,
Belgium) [23]. Anti-S12 antibodies were raised in rabbits as
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described previously [24] and affinity purified against purified rat
liver 26S proteasomes before use. Anti-REG polyclonal anti-
bodies were raised against REG (anti-REG) or against ubiquitin
fusion proteins to a unique region in REGa and REGp for
subunit specific antibodies. REGy antibodies were rabbit poly-
clonal antibodies raised against a y-specific peptide [25]. Anti-
REG antibodies were affinity purified against recombinant REGa
protein before use.

For immunoblot analysis, samples containing known amounts
of protein [26] were run on SDS/PAGE gels [27] and immuno-
blotting was carried out using either an enhanced chemilumi-
nescence (ECL) detection kit (New England Nuclear) or an
alkaline phosphatase detection system, as indicated in the Figure
and Table legends. Quantification of immunoblots was carried
out by densitometric analysis. Purified 20S proteasomes, 26S
proteasomes and recombinant REGa were used to establish the
linearity of the method and as standards for the quantification.

Cell culture

Human embryo lung L132 cells were grown in Dulbecco’s
modified Eagle’s medium (GIBCO BRL) supplemented with
109, (v/v) new-born bovine serum, penicillin (50 units/ml) and
streptomycin (50 xg/ml) in a humidified atmosphere of 59, (v/v)
CO,/air.

Immunofluorescence microscopy

Immunofluorescent labelling was carried out as described pre-
viously [28], except that cells were fixed in methanol or para-
formaldehyde and incubations with primary antibodies were for
2 hatroom temperature followed by incubation with pre-immune
serum for 15 min and then incubation overnight at 4 °C with
rabbit anti-mouse fluorescein-conjugated antibodies. For con-
trols, primary antibodies were omitted. A Leica upright confocal
microscope was used to examine the slides. For immuno-
fluorescence studies to investigate the effect of y-interferon,
subconfluent cultures were grown in the presence or absence of
250 units/ml of y-interferon for 2-3 days.

RESULTS

Proteasome regulatory subunits occur only in complexes in rat
liver

Rat liver extracts, which were prepared in the presence of ATP
and glycerol to stabilize 26S proteasomes, were fractionated by
gel filtration on a Superose 6 column (Figure 1). Assays of rat
liver 26S and 20S proteasomes separated on this column showed
maximal 26S proteasome activity in fractions 21-23 and maxi-
mum 20S proteasome activity in fractions 25-27 (Figure 1A).
Assays of activity with succinyl-Leu-Leu-Val-Tyr-7-amido-4-
methylcoumarin showed that most but not all of the activity
measured using this substrate was due to proteasomes. An
additional small peak of hydrolytic activity of a lower molecular-
mass protease was detected in fractions 33-34 of fractionated rat
liver extracts (Figure 1A) and in equivalent fractions from
cultured cells. The substrate should therefore not be regarded as
completely specific for proteasomes, although in thymocyte
extracts, where there are relatively higher levels of proteasomes,
the assay does appear to be specific [24].

Immunoblots were carried out with the fractions from the gel-
filtration column (Figure 1B) to investigate the distribution of
individual subunits of proteasomes and their regulators in
different complexes. Antibodies against the chosen subunits of
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Figure 1 Immunoblot analysis of subunits in proteasome complexes from
rat liver

Soluble extracts of rat liver were fractionated by gel filtration on a Superose 6 column as
described in the Experimental section. (A) Assays for proteasome activity were performed with
succinyl-Leu-Leu-Val-Tyr-7-amido-4-methylcoumarin as substrate under conditions optimized
for 26S proteasomes (+ ATP, ) and for activation of latent 20S proteasomes (4 0.02% SDS,
Q). (B) Samples of each fraction (50 xl) from the gel filtration were separated by SDS/PAGE
and immunoblotted using anti-C8 antibodies, anti-regulatory complex subunits p45, TBP1 and
S12 antibodies and anti-REG/ antibodies, as indicated in the Figure. Free subunits, if present,
would be expected to appear in fractions 35—40 (molecular mass approx. 30—100 kDa).

20S proteasomes (C8, C9, LMP7) or their REG or 19S regulatory
complexes (p91A, p45, TBP1, S12) were all found to be specific
for the appropriate subunit. The 20S proteasome a-type subunits,
C8 (Figure 1B) and C9 (results not shown), were found only in
fractions where 26S and 20S proteasomes occur (Figure 1B). The
relatively stronger C8 bands in fractions 25-27 compared with
21-23 show that the level of 20S proteasomes is higher than that
of 26S proteasomes in rat liver extracts. Quantification of the
relative levels of C8 or C9 in 20S and 26S proteasome fractions,
using purified complexes as standards, indicated that levels of
free 20S proteasomes were always greater than those of 26S
proteasomes.

Subunits of the 19S regulatory complex (S12 and the ATPase
subunits, p45 and TBP1) were all present predominantly in
fractions containing the 26S proteasome (Figure 1B), suggesting
that there is little, if any, free 19S complex, and no free subunits
were detected for any of these subunits. A small amount of TBP1
was observed in fractions 31-32, which is consistent with the
occurrence of this subunit in a modulator complex of molecular
mass 250 kDa [29]. p91A was also detected only in fractions
containing 26S proteasomes.
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Figure 2 Inducible proteasome subunits, LMP2 and LMP7, are present in
purified rat liver 26S proteasome preparations as well as in 208 proteasomes

Purified rat liver 20S proteasomes (1 xq) (left lanes) and purified rat liver 26S proteasomes
(3 £2q) (right lanes) were separated by SDS/PAGE and the gels were immunoblotted with anti-
LMP2 and anti-LMP7 antibodies, as indicated, and detected by ECL.

Under the fractionation conditions employed, reactivity with
anti-REG antibodies was seen in fractions 31-32 (Figure 1B)
where the free 11S complex would be expected. These results
differ from those of Hendil et al. [30] and Ahn et al. [31], who
found REG (PA28) associated with 20S proteasomes. The
differences in our results can be explained by the limited stability
of REG-20S proteasome complexes, which dissociate in
the buffer chosen to optimize recovery of 26S proteasomes. The
variable y-interferon-inducible proteasome A-subunits, LMP2
and LMP7, were found to be present in 26S proteasomes as well
as in 20S proteasomes. This was confirmed by Western-blot
analysis of rat liver 20S and 26S proteasomes, which had been
purified to apparent homogeneity (Figure 2). The relative level of
LMP7 in the 26S proteasomes was found to be approximately
half of that in 20S proteasomes, when quantified by loading
equal molar amounts of 20S and 26S proteasomes on to the gels.

Differences in the distribution of proteasome complexes in
subcellular fractions from rat liver

Analysis of the localization of 20S proteasomes in subcellular
fractions from rat liver has been described previously [16]. The
relative distribution of different proteasome regulatory complexes
in rat liver subcellular fractions was investigated using the same
procedures. In these experiments, polyclonal anti-proteasome
antibodies were used to show the distribution of total pro-
teasomes, which was compared with that of immunoproteasomes
detected with anti-LMP7 (Table 1). The immunopro-
teasomes were slightly but significantly enriched in the micro-
somal fractions and there was a corresponding decrease in the
cytoplasmic ratio of LMP7 to total proteasomes (Table 1).
Subunits of the 19S regulatory complexes, like core 20S
proteasomes, were found in the nucleus as well as in the cytoplasm
and associated with the ER. However, some significant differences
were observed in the ratio of different subunits of 19S complexes
in different subcellular locations (Table 1), suggesting the possi-
bility that the 26S proteasome can vary in its precise subunit
composition. TBP1 and p91A subunits of the 26S proteasome
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Table 1

Distribution of proteasome complexes in subcellular fractions from rat liver

Subcellular fractions were prepared from rat liver. The percentage of each subunit in the three fractions was determined by quantification of immunoblots, where equal amounts of protein had been
loaded for each fraction and which had been developed using alkaline phosphatase-conjugated antibodies. The data (means + S.D.) were derived from the number of different subcellular fractionation
experiments indicated (7). Values obtained with subunit-specific antibodies for immunoproteasome (Immuno 20S) subunit LMP7, for subunits of the 19S regulatory complex (RC), p91A, p45, TBP1,
and S12, and for REG were significantly different from those obtained with polyclonal anti-proteasome antibodies at: *P < 0.05, **P < 0.01, ***P < 0.0025 and ****P < 0.0005 respectively.

Statistical analyses were carried out using the Student's ¢ test.

Subunit Complex n Nuclei Cytosol Microsomes
Several (anti-proteasome) 20S 4 54416 832434 113420
LMP7 Immuno20S 4 55+1.2 75.0+3.3" 19.5+2.6
p91A 19S RC 4 53+08 785+3.1* 16.24+2.9"
p45 ATPase 19S RC 4 108 +1.5"* 754426 13.8+1.5"
TBP1 ATPase 19S RC 3 6.8+0.7 77.743.2* 15.442.6"
S12 19S RC 3 261 +11.6* 53.3+7.9"* 20.6+4.9
REG 11S REG 4 15404 84.6+2.1 139421

Table 2 Effect of ATP on ER association of 20S proteasomes and 19S
regulatory complexes

The data were derived from immunoblots as described in Table 1. Microsomes were prepared
from rat liver homogenized in the absence of ATP (control) or in the presence of ATP (4 ATP).
Values obtained for each of the subunit-specific antibodies between preparations in the presence
and absence of ATP were significantly different at: **P < 0.01 and ****P < 0.0005
respectively. Statistical analyses were carried out using the Student's / test.

Antibody n Control +ATP
Anti-C8 5 124+13 21.0+3.2"
Anti-C9 6 99+22 214426
Anti-p45 4 72424 234473
Anti-REG 4 126420 127422

had a similar distribution to each other. The relative amount of
19S regulatory complexes associated with microsomal fractions
was significantly greater than 20S proteasomes. There was a
significant difference in the distribution of ATPase subunits p45
and TBP1; p45 was significantly higher than TBP1 in nuclear
fractions. Even more strikingly, the non-ATPase subunit S12
was relatively low in the cytoplasm but high in nuclear and
microsomal preparations. REG showed a similar microsomal/
cytosolic ratio to total proteasomes but was only present at very
low levels in nuclear preparations (Table 1).

In order to investigate whether addition of ATP, which
stabilizes the 26S proteasome, had an effect on the level of
proteasomes associated with microsomal fractions, subcellular
fractionation was carried out in the presence or absence of ATP.
The results shown in Table 2 indicate that both 26S component
p45 and core 20S proteasome subunits C8 and C9 were increased
in microsomes prepared in the presence of ATP. The level
of microsome-associated REG did not change in the presence of
ATP.

The level and distribution of 208 and 26S proteasomes in
cultured cells

Because proteasome subunits p45 and C8 are found only in
proteasome complexes, the ratio of the levels of these subunits
can be taken as a measure of the relative amounts of 26S and 20S
proteasomes. We have quantified the amounts of these com-
plexes using purified 26S and 20S proteasomes as standards. The
immunoblot analysis of extracts for a variety of cultured cells
and for rat liver showed that, in all cases, there was an excess of
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20S proteasomes. These results are consistent with values for
26S/20S ratios obtained after separation of 26S and 20S pro-
teasomes by gel filtration, carried out under conditions which
optimize recovery of intact 26S proteasomes, both with rat liver
(Figure 1) and with L132 cells (results not shown). The levels of
20S and 26S proteasomes in L132 cells were determined by
quantitative immunoblot analysis using C8 and p45 antibodies
with purified 20S and 26S proteasomes as standards. The levels
were: 6.9+ 1.6 g 208S proteasome/mg total protein (mean+ S.E.,
n=3) and 8.5+0.8 ug 26S proteasomes/mg protein (mean
+S.E., n = 3). Thus 20S proteasomes are present in a two- to
three-fold molar excess over 26S complexes.

Since p45 subunits were present predominantly in 26S pro-
teasomes, the antibodies were used also to investigate the
localization of 26S proteasomes by immunofluorescence mi-
croscopy and compared with the distribution of total pro-
teasomes detected using antibody MCP20, which binds to the
core 208 proteasome a-type subunit C2. Results from immuno-
fluorescent labelling of cultured human embryo lung L132 cells
with MCP20 gave roughly equal intensity of labelling of nucleus
and cytoplasm (Figure 3A). Anti-p45 antibodies, on the other
hand, showed that p45 is mostly nuclear but is also present in the
cytoplasm of L132 cells (Figure 3B). Similar results were obtained
with HeLa cells. The results are consistent with those of Peters et
al. [32], who found that 19S complexes were present in the
nucleus and in the cytoplasm of Xenopus oocytes and in
mammalian cells.

Localization of the REG in cultured cells

Levels of REGa and f increase 3- to 4-fold following treatment
of L-132 cells with y-interferon (Figure 4). Tanahashi et al. [25]
reported an almost complete loss of REGy protein after in-
terferon treatment in SW620 cells. However, we observed only a
minor decrease in its level in L132 cells, as determined by
immunoblot analysis and immunofluorescence (Figure 4 and
Figure 5). To investigate whether this increase in levels of REG
results in any changes in subcellular distribution of the activator,
L132 cells were grown in the absence or presence of y-interferon
for 0—4 days. Since the half-life of proteasomes in L-132 cells was
about one day and the induction of +y-interferon-inducible
proteasome and regulator subunits was maximal within two
days, any major effects of y-interferon on localization of REG
would be expected to be observed within a few days. Immuno-
fluorescence studies with anti-REGa and anti-REG/ showed
REG, REGa and REG/ to be mostly cytosolic (Figures SA and
5C). A small amount of labelling was observed in the nucleus but
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Figure 3 Immunofluorescent labelling of cells for 20S proteasomes and an
ATPase subunit of the 19S complex

1132 cells were fixed with 3% paraformaldehyde and immunofluorescence microscopy was
carried out as described in the Experimental section with (A) anti-C2 antibodies for 20S
proteasomes and (B) anti-P45 antibodies for 26S proteasomes.

not in the nucleoli. The presence of y-interferon had no apparent
effect on the distribution of these subunits between the cytoplasm
and the nucleus (Figures 5B and 5D). In agreement with its initial
description as a nuclear antigen [12], REGy was found to be
present exclusively in the nucleus of L132 cells (Figure 5E)
and y-interferon had no effect on the distribution of REGy
(Figure 5F).

DISCUSSION

The results presented show that subunits of proteasomes and
proteasome regulatory complexes do not occur at significant
levels as free subunits. The levels of the different complexes can
therefore be determined by immunoblot analysis using appro-

Days plus y-Interferon
0 1 2

Figure 4 Effect of y-interferon on levels of REG proteins

Human embryo lung L132 cells were treated with y-interferon (250 units/ml) for 0, 1 or 2 days,
and the total cell extract (100 x«g) was separated by SDS/PAGE and the gel was immunoblotted
with antibodies against the REG cc-subunit, REG £-subunit and the related Ki antigen (REG y)
using subunit-specific antibodies. Relative levels of REG were determined by densitometric
analysis.

priate subunit-specific antibodies, such as antibodies to C2, C8
or C9 for core 20S proteasomes and antibodies for LMP2 or
LMP7 for immunoproteasomes. Since there is little, if any, free
19S complex, anti-p45 antibodies can be used for investigation of
the level and distribution of 26S proteasomes as well as for 19S
regulatory complexes. A two- to three-fold excess of 20S pro-
teasome was observed both in rat liver and in cultured cell lines.
It is possible that the 20S proteasome can function alone, but it
is also likely that 11S REG-20S proteasome complexes form in
vivo. The fact that little if any of this complex was detected in our
fractionated cell extracts is probably due to the conditions
chosen for the gel filtration, since others have observed these
complexes under different conditions [30,31].

The results with antibodies against a-type proteasome subunits
(C2, C8, C9) confirm earlier observations that 20S proteasomes
are localized in the nucleus and in the cytoplasm, and are
associated with the cytoplasmic surface of the ER [15,16].
The microsome-associated proteasomes are localized mainly
in the smooth ER and they can be removed from the membranes
by extensive washing [16]. The latter may lead to an underestimate
of proteasome levels in isolated microsomal fractions. The
association of 26S proteasomes with microsomes is highly
significant for ER-associated protein degradation, much of which
may be ubiquitin dependent (reviewed in [33]). The ratio of 26S
proteasomes to 20S proteasomes is greater in the nucleus than in
the cytosol, as observed by immunofluorescence microscopy of
L132 cells and by subcellular fractionation of rat liver. The fact
that the immunofluorescence results are more striking than the
immunoblot analysis can be explained by the relatively low
volume of liver nuclei [15], and by differences in the methods
employed. Peters et al. [32] also found that 19S regulatory
complexes of 26S proteasomes were enriched in nuclei in several,
but not all, cell types, which they tested by immunofluorescence.

LMP7 was found to be enriched in microsomal proteasomes,
as found previously for LMP2 [16], and, since the three y-
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Figure 5 Localization of REG and the effects of y-interferon

1132 cells were cultured on coverslips in the absence (A, € and E) or presence (B, D and F)
of 250 units/ml y-interferon. Cells were fixed with methanol and immunofluorescence
microscopy was carried out using FITC-conjugated secondary antibodies with anti-REG o (A
and B), anti-REG £ (G and D) and anti-REG +y (E and F) antibodies.

interferon-inducible subunits are apparently incorporated
together [4], this result suggests that antigenic peptides may be
produced at the ER for efficient transport by the transporter
associated with antigen processing (TAP) transporter. The pres-
ence of LMP2 and LMP7 in 26S proteasomes (but to a lesser
extent than in 20S proteasomes) is consistent with a role for 26S
proteasomes and possibly ubiquitin-dependent proteolysis in
antigen processing [34].

Some differences in the structure of 19S regulatory complexes
have been suggested previously based on results of immuno-
precipitation from [**SJmethionine-labelled cells [35]. Variations
in the distribution of individual subunits of the 19S complexes
found in this study provide some evidence in support of this view.
Sequence similarities between some non-ATPase components
(S12 and POHI [36]) may also reflect heterogeneity in the
regulatory components as well as in the catalytic core of the 26S
proteasome.

Our finding that both REGa and REG/ subunits are present
mainly in the cytoplasm of liver and L132 cells is in agreement
with results of other immunofluorescence studies by Wojcik et al.
[37] in NT2 neuronal precursor cells and HeLa S3 cells, although
Soza et al. [38] reported that both REG subunits were distributed
almost equally between the cytoplasm and nucleus of mouse
fibroblast B8 cells. Our results show no major difference in
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subcellular distribution of REG following treatment with y-
interferon. The distribution of the y-interferon-inducible REG in
the cytoplasm may reflect its proposed role in antigen processing,
which is believed to occur predominantly in the cytoplasm. The
function of the nuclear REGy and its role, if any, in interacting
with nuclear proteasomes has not been established.

Recent studies have elucidated the localization of proteasomes
in yeast [17,18,39]. With green-fluorescent-protein-tagged sub-
units, proteasomes appeared to be predominantly associated
with the nuclear envelope/ER [17,18]. However, using smaller
tags, Russell et al. [39] found yeast proteasomes to be distributed
throughout the nucleus with only very low levels, if any, in the
cytoplasm. Moreover, they found that the level of subunits of
the 19S regulatory complex of 26S proteasomes were present in
yeast at the same level as a core 20S proteasome subunit. These
results are consistent with our observations that 26S proteasomes
are relatively more abundant in the nuclei of mammalian cells
and that they are distributed throughout the nucleus. Some 26S
proteasomes are associated with the ER. The finding that
20S proteasomes are more abundant than 19S regulatory com-
plexes of 26S proteasomes in mammalian cells presumably
permits binding of 20S proteasomes to REG complexes which,
like the y-inteferon-inducible proteasome subunits, are absent in
yeast. Yeast also appear to lack the proteasome modulator
complex [39], which has been observed in mammalian cells [29].
The abundance of proteasomes in nuclei in yeast may reflect their
critical role in the regulation of cell-cycle progression in rapidly
dividing cells. In contrast, mammalian cells in tissues are generally
not rapidly proliferating and proteasomes have some additional
specialized functions, such as in antigen processing.
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